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Characterization and mechanism investigation
of salt-activated methionine sulfoxide
reductase A from halophiles

Shihuan Zhou,'* Bochen Pan,’-® Xiaoxue Kuang,'* Shuhong Chen,” Lianghui Liu,” Yawen Song," Yuyan Zhao,’
Xianlin Xu," Xiaoling Cheng,”* and Jiawei Yang'4*

SUMMARY

Halophiles, thriving in harsh saline environments, capture scientific interest due to their remarkable ability
to prosper under extreme salinity. This study unveils the distinct salt-induced activation of methionine
sulfoxide reductases (MsrA) from Halobacterium hubeiense, showcasing a significant enhancement in
enzymatic activity across various salt concentrations ranging from 0.5 to 3.5 M. This contrasts sharply
with the activity profiles of non-halophilic counterparts. Through comprehensive molecular dynamics sim-
ulations, we demonstrate that salt ions stabilize and compact the enzyme'’s structure, notably enhancing
its substrate affinity. Mutagenesis analysis further confirms the essential role of salt bridges formed
by the basic Arg168 residue in salt-induced activation. Mutating Arg168 to an acidic or neutral residue
disrupts salt-induced activation, substantially reducing the enzyme activity under salt conditions. Our
research provides evidence of salt-activated MsrA activity in halophiles, elucidating the molecular basis
of halophilic enzyme activity in response to salts.

INTRODUCTION

Extremophiles are microorganisms that thrive in extreme environments, such as extreme temperatures, high radiation, acidic or alkaline
environments, and even the depths of the ocean floor." Their unique biochemical and physiological adaptations have garnered significant
scientific interest due to their potential applications in various fields, including biotechnology, astrobiology, and environmental science.””’
Halophiles constitute a fascinating group of extremophiles that thrive in saline or hypersaline environments.”* According to the optimum
salt concentration required for their growth, halophiles can be categorized as slight halophiles (0.2-0.5 M salt), moderate halophiles
(0.5-2.5 M salt), and extreme halophiles (2.5-5.2 M salt).? Owing to their distinctive structural and physicochemical characteristics, halophiles
have garnered significant attention in biotechnological applications, such as high-salt fermentation, high-salt wastewater treatment, biofuel
production, and the exploration of enzymes derived from halophilic microorganisms.’”~'? Furthermore, understanding the mechanisms by
which these microorganisms adapt to high-salt environments has also been a fascinating pursuit for scientists.®'*~"

Halophiles have developed several remarkable adaptations to cope with high salinity, including the “salt-in strategy” involving potassium
ion accumulation, the production of “halophilic proteins” to repel sodium ions, and the synthesis of “osmoprotectants” like betaine and treha-
lose to protect cellular structures from osmotic stress.'”"'® These strategies collectively enable their survival in extreme saline environments.
Usually, high salt concentration environments can denature and destabilize proteins, which may inhibit the catalytic activity and impair the
structural integrity of enzymes.'” However, halophilic proteins generally remain stable and functional under high salt concentrations.”” These
proteins feature negatively charged surfaces, contrasting with typical proteins with neutral or slightly positive charges, which allow them to
repel positively charged ions.”’"?* They also exhibit a more flexible structure, promoting efficient interaction with water molecules to coun-
teract dehydration caused by high salt concentrations.”” Many halophilic proteins display enhanced thermostability, which is crucial in high-
temperature, high-salt conditions.”® Additionally, some possess specialized salt-binding pockets, aiding stability and functionality in saline
environments.”?® A deeper understanding of how halophilic proteins maintain their structure and prevent aggregation in challenging envi-
ronments could offer valuable insights for the field of biotechnology.

Methionine sulfoxide reductases (Msr) are a family of enzymes responsible for catalyzing the reduction of methionine sulfoxide (Met-O)
back to its biologically active methionine (Met) form.”’ In living cells, Met is relatively easily oxidized to sulfoxide under mild conditions.”®
For many proteins, oxidation of Met residues to the Met-O results in the loss of their biological properties.”” Thus, Msr enzymes play a crucial
role in cellular antioxidant defense mechanisms and the maintenance of protein functionality.’® On the other hand, oxidation of Met creates a
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chiral center at the sulfur atom, making the produced Met-O a mixture of Sand R enantiomers.®! Therefore, different types of reductases, like
MsrA and MsrB, are active on each enantiomer of Met-O due to their enantioselectivity.”” The excellent enantioselectivity of different types of
Msr enzymes makes them outstanding biocatalysts for the green synthesis of enantiopure sulfoxide compounds in the field of biotech-
nology.*~"" As an outstanding protector of cells from the harmful effects of oxidative stress,” the Msr enzymes probably play pivotal roles
in the survival of halophilic cells in high-salt-stress environments. Recently, it has been reported that the MsrA from Haloferax volcanii exhibits
ubiquitin-like (Ubl) protein modification activity, in addition to its well-known stereospecific reduction of Met-O. This discovery provides in-
sights into oxidative stress responses that can induce Ubl modification within a cell.”* Nevertheless, the enzymatic characteristics and mech-
anisms of Msr in halophilic microorganisms in response to salts remain unexplored. In this study, we revealed that the activity of the MsrA
enzyme from halophile Halobacterium hubeiense strain JI20-1 (named HhMsrA) was activated by high salt concentrations. We further eluci-
dated the related mechanisms using molecular dynamics (MD) simulation and mutagenesis analysis, providing perspectives on understand-
ing the mechanisms underlying salt ion activation in halophilic proteins.

RESULTS AND DISCUSSION
Recombinant expression and activity characterization of MsrA from halophile H. hubeiense strain JI20-1

The DNA fragment of the HhMsrA gene (gene ID: 26659341) was first synthesized based on the GenBank database and cloned into the
expression plasmid. The results of SDS-PAGE analysis confirmed that the target protein was effectively expressed in a soluble form after in-
duction by isopropyl B-D-1-thiogalactopyranoside (Figure S1). After purification using the His-tag, enzymatic studies revealed that HhMsrA
exhibited minimal activity when Met-O was used as the substrate (Figure 1A). Considering the survival of Halobacterium genus in high-salt
environments,"* we hypothesized that the activity of HhMsrA could be activated by high-salt conditions. Thus, KCl was added to the reaction
at a final concentration of 1.5 M. The results showed a significant improvement in catalytic activity, with the specific activity reaching 81.2 +
5.3 U/g (Figure 1A), strongly suggesting that high-salt ions were essential for the activity of MsrA in this haloarchaeon. In contrast, the activity
of MsrA from a non-halophilic Pseudomonas monteilii strain (pmMsrA), which we isolated previously,** was inhibited with increasing salt con-
centrations (Figure S2). These data demonstrate the activation of MsrA in halophiles by high concentrations of salt ions.

Afterward, we evaluated temperature and pH characteristics of HhMsrA in the presence of 1.5 M KCI. Initially, the relative activities of
HhMsrA over a temperature range of 20°C-50°C were determined. The enzyme exhibited its peak activity at 40°C, retaining over 80% of
its activities within the 35°C-45°C range (Figure 1B). Previous studies have shown that enzymes from halophiles exhibit higher optimal reaction
temperature and greater thermal stability.”*® Our research is consistent with these studies, as the optimal reaction temperature of 40°C is
higher than that of MsrA homologs from non-halophilic cells, which are usually around 30°C and sensitive to temperature.>**’** The enzyme'’s
exceptional temperature adaptability suggests potential advantages in the field of industrial biotechnology, where thermostability is deemed
a critical parameter for assessing the feasibility of enzymes for industrial application.’® Subsequent investigations focused on the impact of pH
on the activity of HhMsrA, spanning pH values from 4.0 to 11.0. The results indicated that the enzyme showed basophilic properties with the
highest activity at pH 10.0, retaining over 90% of its activities between pH 10.0 and 11.0 (Figure 1C). However, the activity of HhMsrA was
significantly reduced when the reaction pH was lower than 8.0. Based on these results, 40°C and pH 10.0 were designated as the reaction
conditions for subsequent studies.

Effects of various salts on HhMsrA activity

To further assess the impact of salts on the HhMsrA activity, the specific activities of HhMsrA were determined under various monovalent and
bivalent neutral salts, including KCl, NaCl, CaCly, K;SO,, and NaySOy. The results revealed that all tested salts significantly activated the
enzyme HhMsrA. Among them, KC| and NaCl exhibited the strongest activation, with similar profiles (Figures 2A and 2B). Enzyme activity
was observed at concentrations higher than 0.5 M of KCI or NaCl and elevated with increasing salt concentrations. The activation effects
of both KCI and NaCl were most pronounced between 0 and 1.0 M, and the peak activity was observed at the highest concentration of
3.5 M for both salts, achieving 95.1 + 6.7 U/g and 78.6 + 9.3 U/g, respectively. In addition, specific activities were slightly higher under
KCl than under NaCl at most concentrations. While a previous report suggested that H. hubeiense J120-1 required NaCl for growth,** our
findings indicate that the activating effect of K* ions was more pronounced than that of Na* ions on the HhMsrA enzyme. Regarding
CaCly, the activation effect was similar to that of NaCl, but the salt concentration required for activation was much lower. The enzyme ex-
hibited peak activity under 0.5 M CaCly, achieving 78.8 + 3.4 U/g (Figure 2C), indicating that the activation effect of Ca?* ions was much stron-
ger than that of Na™ ions. However, unlike KCl and NaCl, the activities of HhMsrA decreased at concentrations higher than 0.5 M CaCl, and
were completely inhibited at 3.0 M, indicating that the high concentrations of Ca?* ions could inhibit HhMsrA activity.

For the two sulfates, K;SO4 and NaySOy, their activation effects were much weaker compared to their chlorides (Figures 2D and 2E). Peak
activities were observed at 0.4 M K;SO,4 and 1.2 M Na,SO,, achieving only 25.6 + 5.6 U/g and 18.0 £ 5.5 U/g, respectively. Unlike their chlo-
ride counterparts, the high concentrations of K,5SO4 and Na,SO, inhibited enzyme activities. To test whether these inhibitions are reversible or
not, we first treated the enzyme in the presence of 2.0 M of Na,SO4 for 45 min, and then measured its activity under 1.0 and 2.0 M KCl con-
ditions. The results showed that only 36% of residual activities were detected in both conditions (Figure S3), suggesting that high concentra-
tion of sulfates can result in irreversible inhibition of the enzyme. This irreversible inhibition suggests that sulfate ions may cause permanent
structural changes and denaturation of the enzyme, as indicated by the observed protein precipitation after treatment.

Taken together, the activity of HhMsrA was activated by all test salts, with chlorides showing much stronger effects than the corresponding
sulfates. Both monovalent Na™ and K* ions, as well as bivalent Ca" ions, could activate the enzyme HhMsrA, with monovalent Na* and K" ions
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Figure 1. Characterization of the enzymatic properties of HhMsrA
(A) Specific activity analysis of HhMsrA with 0 and 1.5 M KCI.
(B and C) Temperature and pH profiles of HhMsrA. The HhMsrA activities were assayed using the DTT-DTNB coupled colorimetric method. Each reaction was

performed in the presence of 3 uM of pure enzyme, 3 mM of Met-O, and 1 mM of DTT for 45 min. Each value represents the mean + SD of three independent
experiments.

exhibiting a greater tolerance under higher concentrations in activating the enzyme. Considering the survival of H. hubeiense under high-salt
conditions,” the activation of MsrA by various salts may potentially contribute to protecting these cells from oxidative stress in high-salt con-
ditions. Numerous reports have illustrated that halophiles developed several remarkable adaptations to cope with high salinity.'®?%> This
study implies that the MsrA-mediated antioxidation system could also play essential roles in the survival of these halophiles under high-
salt conditions, providing insights into the mechanisms by which halophilic microorganisms survive in such environments.

Substrate specificity analysis of HhMsrA for various sulfoxide substrates

Previous studies have shown that MsrA homologs from non-halophilic species exhibited excellent activities toward a series of sulfoxide sub-
strates.>****? To further understand the substrate specificity of this HhMsrA enzyme, various aryl alkyl sulfoxides, dialkyl sulfoxides, and thi-
oalkyl sulfoxides (Figure S4) were used as substrates to test its activity under the condition of 3.5 M KCI. The results revealed that the enzyme
was active on all substrates containing a methyl/ethyl moiety on the sulfinyl group, with specific activities ranging from 24.4 + 7.8 U/g to
115.8 + 6.7 U/g, depending on their structures (Figure 3). As observed, HhMsrA exhibits maximal activity against 1-(methylsulfinyl)
propane rather than the natural substrate Met-O and also shows higher activity against 1-(methylsulfinyl)pentane and 1-(methylsulfinyl)
decane compared to Met-O. This substrate preference may be attributed to the specific structural features of HhMsrA's active site, which
likely favors the binding of these substrates due to better steric and hydrophobic interactions. The structural configuration of these substrates
may align more effectively with the enzyme’s active site, enhancing catalytic efficiency. Further structural studies could provide more insights
into these interactions. However, for substrates in which the methyl/ethyl moiety was substituted by a larger propyl/butyl moiety, such as (pro-
pylsulfinyllbenzene, (isopropylsulfinyl)benzene, and (butylsulfinyl)oenzene, HhMsrA was inactive. These substrate profiles were also similar to
those of homologs from non-halophilic species.*

Mechanism investigation of salt activation of HhMsrA

To elucidate the mechanism underlying the activation of HhMsrA by salts, 100 ns MD simulations of HhMsrA-substrate (Met-5-O) complexes
were performed with and without the presence of KCI (1.0 M). The enzyme's stability was compared by analyzing several parameters, including
root-mean-square deviation (RMSD),"” solvent-accessible surface area (SASA),”° and radius of gyration (Rg).51 As illustrated in Figure 4A, the
RMSD values of the enzyme displayed significant fluctuations after 20 ns in the absence of KCI. In contrast, in the presence of KCI, the system
remained stable throughout the simulation, with an average RMSD value of 0.263 nm, significantly lower than that in the absence of KCl
(0.459 nm). As a commonly used indicator for assessing protein structure stability throughout the simulation,’” the RMSD measurement in-
dicates that the presence of KCl enhances the stability of HhMsrA. Furthermore, the enzyme exhibited lower SASA and Rg values in the pres-
ence of KCl, indicating a more compact structure (Figures 4B and 4C). Collectively, the data obtained through MD simulations indicate that
the presence of KCl enhances the stability of the enzyme during catalytic processes.

To further validate these data, the half-life of HhMsrA at 30°C was determined in both the absence and presence of KCl. As illustrated in
Figure 4D, the half-life of HhMsrA was only 24.3 h without KCI. However, in the presence of KCl, this metric extended to 133.1 h, approximately
5 times longer than without salt. Moreover, we analyzed the pH-stability profile of the enzyme in the presence and the absence of KCl to
further validate the stability. We analyzed the activity of HhMsrA pre-treated at pH 5.0, 7.0, and 11.0 with or without KCI, for durations of 2
and 10 h. The data showed that pre-treatment with salts under unfavorable pH conditions, such as pH 5.0, could greatly reduce the enzyme’s
activity (Figure S5). However, the presence of salt was highly effective in maintaining the enzyme's activity. For instance, after treatment for
10 h at pH 5.0, the residual activities of HhMsrA were 30.2% and 80.4% with and without KCl, respectively (Figure S5). These experiments vali-
dated the MD results and strongly verified that the presence of salts greatly enhances the enzyme’s stability.
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Figure 2. Effects of various salts on HhMsrA's activity

The activity of HhMsrA was assessed in the presence of different salts: KCI (A), NaCl (B), CaCl, (C), K;SO4 (D), and Na,SOy4 (E). Specific activities were assayed using

the DTT-DTNB coupled colorimetric method, consistent with those in Figure 1, using Met-O as the substrates under conditions of 40°C and pH 10.0. Each value
represents the mean + SD of three independent experiments.

Previous studies on the crystal structure of halophilic 2Fe-2S ferredoxin reveal that haloadaptation involves an enhanced water-
binding capacity.”” Thus, the effect of KCl on the stability of the hydration layer around HhMsrA was investigated. We employed
the spatial distribution function to visualize the distribution of the water molecules and ions around HhMsrA. As depicted in
Figures 4E and 4F, the water molecules and ions (mainly K*) were distributed on the surface of the protein, with an increased number
of water molecules in certain regions following the addition of KCI. Statistical analysis of the number of water molecules within the
active site revealed that the addition of KCl increased the number of water molecules within the active pocket and reduced their
fluctuations in this region (Figure 4G). These findings indicate that the KCl improves the distribution and quantity of water molecules
of the enzyme, consequently optimizing its conformation and probably enhancing the enzyme-substrate binding.”*>* Thus, we deter-
mined the kinetic parameters of HhMsrA under low (0.8 M) and high salts (1.5 M). The K, and K¢, of the enzyme under low salt were
4.301 mM and 0.133 577, respectively (Table 1). Notably, with the increase in salt concentration, the K, was reduced to 0.503 mM,
indicating that the high salt concentration greatly enhanced the enzyme’s affinity for the substrate. Combining the results of MD sim-
ulations, stability experiments, and enzymatic kinetics experiments, these findings suggest that the addition of salt enhances the
structural stability of HhMsrA by reducing fluctuations and compacting the structure and strengthens the stability of the hydration
layer. These combined factors contribute to the improved stability of the enzyme in salt-rich environments, consequently enhancing
the enzyme-substrate affinity, which positively influences its activity.

Investigation of salt bridges regarding the activation of HhMsrA by salts

Salt bridges are pivotal for the structural stability of halophilic proteins, particularly in high-salt environments.*>*>*¢ They enhance internal
electrostatic interactions within the protein, thereby preserving its three-dimensional structure and ultimately bolstering its stability. For
instance, comparing the three-dimensional structures of halophilic malate dehydrogenase with its non-halophilic counterparts reveals a
greater presence of salt bridges in halophilic malate dehydrogenase.”’ We thus analyzed changes in salt bridges during the 100 ns MD sim-
ulations with or without KCI. Our analysis revealed that the presence of KCl leads to an increase in the total number and duration within
HhMsrA and decrease in their fluctuations (Figure 5A). These data indicate that the addition of KCI could potentially enhance the enzyme's
interaction network favorably. Notably, we observed substantial variations in salt bridges triggered by the residue Arg168, which is located on
the surface of the enzyme, far from the active center (Figure 5B). In the presence of KCl, this residue formed salt bridges with Aspé9 and Glu72
with durations of 46.44 and 29.55 ns, respectively, during the 100 ns simulation (Figure 5C). However, in the absence of KCl, the enzyme un-
derwent certain conformational changes, resulting in the reorientation of the positively charged side chain of Arg168 away from the acidic
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Figure 3. Specific activity analysis of HhMsrA toward a series of sulfoxide substrates
The reaction conditions are consistent with those in Figure 2 in the presence of 3.5 M KCI. Each value represents the mean & SD of three independent
experiments.

amino acids Asp69 and Glu72. This change led to the formation of substituted salt bridges between Arg168 and Asp120, and Arg168 and
Glu72, with significantly shorter durations, lasting only 29.43 and 15.93 ns, respectively (Figure 5D).

To further verify the essential role of the salt bridge formed by Arg168, mutagenesis analysis was conducted for this critical amino acid
residue. We introduced mutations at this site, substituting the basic Arg168 with various other amino acids, including the basic Lys, acidic
Glu, hydrophobic Ala and Pro, and aromatic Phe. All resulting variants were successfully expressed in soluble form and purified from
E. coli (Figure S1). As shown in Figure 6A, when this Arg residue was replaced by another basic Lys (HhMsrA-R168K), the KCI profiles at all
concentrations remained virtually unchanged, indicating that substituting amino acids with similar properties did not alter HhMsrA's salt acti-
vation. Variants including HhMsrA-R168F, HhMsrA-R168A, HhMsrA-R168E, and HhMsrA-R168P exhibited minimal activities at 0.5 M of KCI.
Even under optimal salt concentrations, their activities were less than half of those observed for HhMsrA-wild type (WT) and HhMsrA-
R168K. Notably, the variant HhMsrA-R168P exhibited a peak activity of only 24.3 + 7.4 U/g, which is a quarter of that of HhMsrA-WT. These
findings underscore the critical role of the basic amino acid at position 168 in maintaining enzyme stability and facilitating salt activation.

Variants HhMsrA-R168K and HhMsrA-R168P were then selected for MD simulations to assess their performances in the presence of 1.0 M
KCl. As shown in Figures 6B—6D, the values of RMSD, SASA, and Rg values between enzymes HhMsrA-WT and HhMsrA-R168K exhibit rela-
tively minor differences. However, for the variant HhMsrA-R168P, all these parameters were unfavorable compared to HhMsrA-WT and
HhMsrA-R168K. These results suggest that substituting Arg168 with an amino acid sharing similar properties minimally affects enzyme sta-
bility, whereas substitution with other types of amino acids substantially weakens it. The half-life of HhMsrA-R168K variant at 30°C was deter-
mined, and the results were consistent with those of the WT enzyme (Figure Sé). These results further confirmed that this mutagenesis did not
alter the enzyme's stability. However, substitution with other types of amino acids significantly weakened the salt activation effects. Further-
more, the salt bridge analysis revealed that mutating Arg168 to Pro significantly reduced both the total number and duration of salt bridges
compared to those observed in the HhMsrA-WT and HhMsrA-R168K (Figure 4E). Notably, in the HhMsrA-R168K variant, although the salt
bridge between Arg168 and Asp69 in HhMsrA-WT disappeared, the salt bridge between Arg168 and Glu72 shortened the distances between
certain nearby amino acids. This, in turn, led to the formation of two new salt bridges between Lys166 and both Glu72 and Asp69, maintaining
the stability of its spatial conformation (Figure 6F). Conversely, within the HhMsrA-R168P variant, the mutated Pro was far from the corre-
sponding amino acids and failed to form any salt bridges with other residues, resulting in significant spatial conformation changes compared
to the HhMsrA-WT enzyme (Figure 6F).

Moreover, the kinetic parameters of HhMsrA-R168K and HhMsrA-R168P under high salts (1.5 M) were compared. The results showed that
the K, and K.t values of HhMsrA-R168K were quite consistent with those of the WT enzyme (Table 1), indicating this mutagenesis did not
cause significant changes to the enzymatic properties. However, the K, of HhMsrA-R168P was 1.141 mM, much higher than those of WT
and HhMsrA-R168K, suggesting that the mutagenesis of basic Arg to hydrophobic Pro leads to a lower substrate affinity. In addition, the
Keat value of HhMsrA-R168P was also slightly lower, indicating this mutagenesis also resulted in a decrease in catalytic rate. All these data
suggest that salt bridges formed by the basic residue at position 168 play crucial roles in the enzyme's response to salts, enhancing its stability
and ultimately activating its catalytic activity.
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Figure 4. MD simulation and stability analysis of HhMsrA under conditions with or without KCI

Met-5-O was used as substrate for the simulation. The black and orange lines represent data obtained in the absence and presence of KCl, respectively.

(A) Root-mean-square deviation (RMSD) for the main chain atoms.

(B) Solvent-accessible surface area (SASA).

(C) Radius of gyration (Rg).

(D) Half-life analysis of HhMsrA in the absence and presence of KCl, each value represents the mean + SD of three independent experiments.

(E and F) Spatial distribution of water molecules, K*, and Cl~ ions on the surface of the HhMsrA in the absence (E) and presence (F) of KC. The protein surface,
water molecules, K* ions, and Cl™ ions are shown in gray, blue, red, and green, respectively.

(G) Number of water molecules in the active site.

In summary, our study presents evidence that the activity of MsrA from halophile is activated by various salts, offering insights into the
antioxidation roles contributing to the survival of halophiles in high-salt environments. Molecular docking, MD simulations, stability, and
kinetic assays revealed that the presence of salts enhances the structural stability of the enzyme, resulting in improved enzyme-substrate
binding and catalytic efficiency. Furthermore, site-directed mutagenesis experiments demonstrated the essential role of specific amino
acid residues, particularly Arg168, in mediating the enzyme’s response to salts. Substitution of Arg168 with different amino acids signifi-
cantly impacted enzyme stability and salt activation. These findings deepen the understanding of the molecular basis of salt adaptation in

halophilic microorganisms and provide insights for the design of enzymes with enhanced stability and activity under extreme environ-
mental conditions.

Limitations of the study

This study proposes that the salt bridge is an essential factor for the MsrA enzyme from halophiles in responding to high salinity, as evidenced
by MD simulations and mutagenesis analysis. Further analysis of the crystal structure is required to confirm the significance of this factor.

Moreover, since all HhMsrA variants retained a certain level of activity, future studies will explore other contributing factors influencing the
enzyme'’s response to high salinity.
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Table 1. Kinetic parameters of HhMsrA and variants

Entry Enzyme KCI (M) K (mM) Keat (571 Keat/Km (s~ - mM ™)
1 HhMsrA-WT 0.8 4.301 0.133 0.031

2 HhMsrA-WT 1.5 0.503 0.169 0.336

3 HhMsrA-R168K 1.5 0.579 0.173 0.299

4 HhMsrA-R168P 1.5 1.411 0.110 0.078
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(E) Total number of salt bridges within variants HhMsrA-R168K and HhMsrA-R168P during simulation.

(F) Structure analysis of salt bridge involving key residue 168 within variants HhMsrA-R168K (red) and HhMsrA-R168P (blue).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

TOP10 Chemically Competent Cell Beijing Tsingke Biotech Co., Ltd. Cat: TSC-C12
BL21 Star (DE3) Chemically Competent Cell Beijing Tsingke Biotech Co., Ltd. Cat: TSC-EO1

Chemicals, peptides, and recombinant proteins

S50XTAE Buffer Sangon Biotech Cat: B548101-0500
DNA Marker (250~10000 bp) Sangon Biotech Cat: B600022-0050
Coomassie Brilliant Blue Quick stain Epizyme Cat:PS111
Omni-EasyTM instant protein loading Epizyme Cat:LT101S

buffer (denatured, reduced, 5 x)

Two-color pre-staining protein Epizyme Cat: WJ102
Marker 10 KDa~250 KDa

Oligonucleotides

Primer: R168K Forward: This paper N/A
GAAGGTCGCGAAGGTCAAAG

AGGAGTTCGCCGAG

Primer: R168K Reverse: This paper N/A
CTCGGCGAACTCCTCTTTG

ACCTTCGCGACCTTC

Primer: R168F Forward: This paper N/A
GAAGGTCGCGAAGGTCTTTG
AGGAGTTCGCCGAG

Primer: R168F Reverse: This paper N/A
GAAGGTCGCGAAGGTCTTTGA
GGAGTTCGCCGAG

Primer: R168A Forward: This paper N/A
CGAAGGTCGCGAAGGTCGCGG
AGGAGTTCGCCGAGAAG

Primer: R168A Reverse: This paper N/A
CTTCTCGGCGAACTCCTCCGCG
ACCTTCGCGACCTTCG

Primer: R168E Forward: This paper N/A
GAAGGTCGCGAAGGTCGAAGA
GGAGTTCGCCGAG

Primer: R168E Reverse: This paper N/A
CTCGGCGAACTCCTCTTCGAC

CTTCGCGACCTTC

Primer: R168P Forward: This paper N/A
GAAGGTCGCGAAGGTCCCGG

AGGAGTTCGCCGAGAAG

Primer: R168P Reverse: This paper N/A
CTTCTCGGCGAACTCCTCCGGG

ACCTTCGCGACCTTC

Critical commercial assays
Gel Mini Purification Kit Zomanbio Cat: ZP202
Site-directed Mutagenesis Kit Sangon Biotech Cat: B639281-0020

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
BeyoGold™ His-tag Purification Resin Beyotime Cat: P2218
BCA protein concentration assay kit Beyotime Cat: POO09

Easy PAGE color rapid gel preparation kit (10%)

Seven Biotech

Cat: SW143-02

Software and algorithms

Origin 2022
GraphPad Prism 9.5.0
Lasergene

Gromacs 2020.6
Python 3.9

VMD version 1.9.3
PyMOL
Autodock Vina

Origin

Prism

Lasergene

Spoel et al.”’

Python Software Foundation

Humphrey et al.”®

Delano et al.”?

https://www.originlab.com/2022
https://www.graphpad-prism.cn/
https://www.dnastar.com/software/lasergene/
https://manual.gromacs.org/2020.6/download.html

https://www.python.org/downloads/
release/python-390/

https://www.ks.uiuc.edu/Research/vmd/

https://pymol.org/

Trott et al.*° https://github.com/ccsb-scripps/AutoDock-Vina

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Microbe strains

E. coli strains TOP10 and BL21 (DE3) were used for molecular cloning and the recombinant expression, respectively. The corresponding
competent cells were purchased from Tsingke Biotech Co., Ltd, Beijing, China.

METHODS DETAILS

Recombinant expression and purification of HhMsrA and variants

The gene sequence of MsrA from the halophile H. hubeiense strain JI20-1 was obtained from the GenBank database and synthesized by
Qingke Biotechnology Co., Ltd. (Chongging, China). The corresponding DNA fragment was then cloned into the multiple cloning site
(MCS) of the pET-28a vector using BamH | and Xho | restriction sites to construct the recombinant plasmid. To induce the soluble expression
of recombinant enzymes, recombinant plasmids were transformed into E. coli BL21 (DE3) cells. Overnight cultures of BL21 (DE3) cells
harboring the expression plasmid were diluted at a 1:100 ratio in LB medium and incubated at 37°C until the optical density at 600 nm
(ODgoo) reached 0.6. Protein expression was then induced with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and the cultures were
incubated at 20°C for 18 hours. Cells were harvested by centrifugation at 4000 rpm for 10 min and lysed by sonication. The lysates were centri-
fuged at 12000 rpm for 15 minutes at 4°C to collect the crude enzymes. Purification of the recombinant HhMsrA and variants was achieved
through Ni-NTA affinity chromatography using the Hisgs-tagged within the proteins. Protein concentration was determined using the bicin-
choninic acid (BCA) assay and then converted to micromolar (uM) based on the molecular weight of the protein. The purity of the proteins
was assessed by SDS-PAGE gel electrophoresis.

Enzyme activity assays

The enzymatic activities of the HhMsrA and its variants were determined using the dithiothreitol (DTT)-5,5'-dithiobis (2-nitrobenzoic acid)
(DTNB) coupled colorimetric assay, as previously reported with modifications.”*" The consumption of co-factor DTT was used to represent
the enzyme activity. For relative activity assays of pH and temperature profiles, reaction mixtures containing purified enzymes (3 uM), Met-O
(3 mM), and DTT (1 mM) were combined in a 500 pL reaction system. After a 45 min reaction under different pH or temperature conditions,
50 plL of mixtures from each well were transferred to a 96-well ELISA plate, and 150 pl of DTNB solution were added to a final concentration of
2 mM. After incubation at 37°C for 15 min, the plate was placed into the microplate reader to measure the absorbance at 405 nm (A4s). A
blank system without enzyme was used as a control. The decrease in Ayos was used to describe the relative activities to represent the pH and
temperature profiles. For the specific activity assays, the same enzymatic reactions were performed at pH 10.0 and 40°C in the presence of
various salts and substrates. The amount of enzyme that consumed 1 uM of DTT per minute was defined as 1 unit (U). For analysis of the revers-
ible effect of salt inhibition, the enzyme was first incubated in 2.0 M of Na;SOy4 for 45 min and then washed with 3 times via ultrafiltration centri-
fugation. The recovered enzyme was tested for the activity using method mentioned above. Differential significance analysis was conducted
using the t-test method, with a p-value of less than 0.05 indicating a significant difference.

Half-life and pH stability analysis

To determine the half-life of HhMsrA-WT and HhMsrA-R168K, the enzymes were first incubated at 30°C for up to 50 h without KCl and 270 h
with 1.5 M KCI. Enzyme activity was measured at specific time intervals throughout this period using methods described above. The initial
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activity was recorded, and subsequent measurements were taken to determine the remaining activity over time, allowing the calculation of
the enzyme’s half-life. The data were then fitted using Origin 2022 to calculate the enzyme’s half-life. To determine the pH stability, the
enzyme was incubated in solutions with pH 5.0, 7.0, and 11.0 for 2 h or 10 h with or without 1.5 M of KCI. Then, enzyme activity was measured
using methods described above.

Kinetic parameters determination

To determine the kinetic parameters, 3 pM HhMsrA-WT of was incubated with the substrate Met-O, varying the concentrations from 0.2 to
20 mM (containing 0.1 to 10 mM of the S enantiomers) under high salt condition (1.5 M KCI). Additionally, 12 uM of HhMsrA-WT was incubated
with the substrate Met-O, varying the concentrations from 0.4 to 30 mM (containing 0.2 to 15 mM of the S enantiomers) under low salt con-
dition (0.8 M KCI). For the variants, 3 uM of HhMsrA-R168K and 15 uM of HhMsrA-R168P were incubated with the substrate Met-O, varying the
concentrations from 0.2 to 20 mM (containing 0.1 to 10 mM of the S enantiomers). The initial rate at different substrate concentrations was
determined by the above colorimetric assay after a 20 min incubation at 40°C. K, and K., values were calculated using nonlinear regression
analysis in software Origin 2022, according to the Michaelis-Menten equation.

Site-directed mutagenesis

Site-directed mutagenesis of HhMsrA was performed via PCR using the Site-Directed Mutagenesis Kit (Sangon Biotech, China). The PCR
primers were listed in the key resources table, and the parameters were set as follows: 95°C for 5 min (1 cycle), 95°C for 30 s, 60°C for 30
s, and 68°C for 10 min (30 cycles). The PCR products were then digested with Dpn I at 30°C for 3 h to eliminate the template DNA. Subse-
quently, the products were transformed into E. coli BL21 (DE3) cells, and sequencing was conducted to confirm the mutagenesis.

Molecular docking and MD simulations

The 3D models of both the wild-type HhMsrA and its variants were created using the SWISS-MODEL web server, with the Neisseria menin-
gitidis Z2491 MsrA crystal structure (PDB ID: 3BQE) as the modeling template (43.71% of sequence identity). The substrate Met-S-O was
sourced from PubChem. Autodock tools were used to produce PDBQT files for the substrate and protein, which were then docked using
Vina in a semiflexible manner. The docking process was repeated three times to ascertain the most favorable binding affinity, selecting
the best complex conformation. Visualization was done using PyMOL software. For molecular dynamics (MD) simulations, Gromacs 2022.
06 was employed, incorporating protein residues from the AMBER14SB force field and the substrate using the GAFF. The simulations
used a periodic cubic box, ensuring a 10 A buffer from the solute to the box edges, filled with TIP3P water molecules, and balanced with
Na*, K", and Cl- ions for neutrality. Energy minimization was conducted via the steepest descent method, followed by NVT (500 ps) and
NPT (1,000 ps) equilibration phases, using the linear constraint solver for hydrogen bonds and the particle-mesh Ewald method for long-range
interactions, setting a 1.0 nm cutoff for van der Waals forces. MD simulations were carried out at 303 Kiin 0 or 1 M KCI. The analysis utilized a
suite of tools from Gromacs, such as gmx rms, rmsf, gyrate, sasa, and spatial, to evaluate various molecular dynamics parameters: RMSD,
RMSF, Rg, SASA, SDF, and the molecular or atomic density distribution within the system. Trajectory analysis and the identification of salt
bridges were conducted using Visual Molecular Dynamics (VMD), applying a cutoff for oxygen-nitrogen distances at 4 A.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed with GraphPad Prism 9.5.0. Data were derived from three independent biological replicates reported as
mean =+ standard deviation (n = 3). The t-test or nonparametric test was used for the comparison of two independent samples, with p < 0.05
indicating statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001).
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